Theory is developed to represent the macroscopic features of a floc blanket held in steady state. Flocs are treated as non-porous entities possessing a fractal structure. A particular feature of the analysis is the recognition of floc strength, floc sizes adjusting to the prevailing rate of energy dissipation within the blanket. Account is taken of the floc size distribution, with expressions derived to describe the blanket settling velocity and mass flux. Analysis of experimental data yielded detail of the blanket floc size scale (d vo ), water content and strength. The mass flux was maximised when the floc volume fraction was close to 0.17. It was shown that the upflow velocity (u) complied with the dependence u / S o =ðMd 52D max Þ in which d max is a maximum floc size, M the blanket solids concentration, D the fractal dimension and S o a strength scaling factor.
It consists of an assemblage of flocs whose sizes are relatively large compared with the incoming feed floc. The blanket acts as a filter of the incoming material-capture being controlled by both the rate of collision and the overall trapping efficiency. Material that is not captured, or breaks free from the blanket has direct impact on the load entering the filters.
Echoing developments of Ives (1968) , Tambo & Hozumi (1979) , Armirtharajah & O'Melia (1990) regarded the blanket as a turbulent reactor, with the efflux concentration of microflocs (n e ) defined by the relationship:
In this expression, n i refers to the number concentration of the microflocs entering the base of the blanket, a the trapping efficiency, G the velocity gradient, F F the floc volume fraction, and t L the liquid retention time.
As collection progresses, there is an accumulation of solids held within the suspended bed, this manifesting as an increase in the blanket thickness. Periodically, excess solids are bled off. Here the principal concern is with the bed dynamics in steady state conditions subject to the following constraints: (a) the solids mass held within the blanket remains constant, and (b) the blanket interface is sharp and (c) the blanket level is stationary. The latter assumption implies that
in which u is the superficial velocity of loading ( ¼ Q/A), with Q as the volumetric flow and A, the cross-sectional area.
Parameter v sett refers to the rate of settlement defined by
where v o is a scaling velocity and f(F F ) a function tied to the permeability of the suspended blanket. There exist many expressions for f(F F ), tending to be described by an empirical relationship of the form
in which k and p (.0) are fitting coefficients and 0 , f(F F ) # 1.
In the analysis, a necessary task is to define the parameters F F , G and t L appearing in Equation (1) are likely to affect the hydraulic and solids loading that can be sustained by the blanket. Ultimately, the upflow velocity is controlled by Equation (3); this looks deceptively simple, until one recognises that F F and perhaps also v o are affected by u. Some progress was made on this theme in Bache & Gregory (2007) . The analysis described in this paper provides a more accurate statement of the F F (u) dependence and leads to a different view of how the product GF F t L is affected by u or F F (u).
THEORY Foundation framework
A blanket of depth L and uniform cross-sectional area (A)
is assumed to be spatially homogeneous with respect to the solids concentration. The head loss or pressure drop (DP) across the blanket associated with the upflow, balances the pressure exerted by the buoyant weight of the floc, such that
where ,r e . is the average density difference (r fr w ) within the blanket with , r f . as the average density of the flocs, r w the density of water and g the gravitational acceleration. The liquid retention time is defined by
in which V is the blanket volume. With this information, G is defined by
The floc volume fraction can either be measured directly as described in Gregory et al. (1996) or deduced from the floc size distribution. An example of a distribution measured within a blanket using an underwater camera (noted in Bache et al. 2000) is shown in Figure 1 . Sizes are expressed in the form d/d L in which d is an equivalent diameter and d L the arithmetic average value of d across the length-size distribution. Although the rising limb of the distribution is not evident (a symptom of the camera resolution), the distribution is unimodal and can be modelled using the framework described in Bache & Rasool (2006) .
Flocs have a fractal structure, implying that their critical properties scale with size. For example, the average solids concentration within an individual floc can be represented by
in which r s is the solids density, A 0 is a packing factor and d o a scaling length representative of the diameter of the particles from which the floc is formed. D is the mass fractal dimension in which 1 # D # 3. The value D ¼ 1 corresponds to particles joined together in a chain form or necklace-type structure whereas D ¼ 3 corresponds to a uniform solid continuum in a spherical object.
By summing the volume of the flocs across the distribution and recognising that each floc carries mass (such as represented by Equation (8)), Bache & Rasool (2006) showed that the floc volume fraction could be expressed by
in which M is the mass concentration (suspended solids mass per unit volume) and S f (D) is a distribution shape factor that combines information about the shape of the volume-size distribution and the mass-size distribution.
(NB Equation (9) has been corrected for a typographic error in the original). When applied to a floc blanket, it should be recognised that M is expressed by the identity:
where m s refers to the suspended solids mass held within the blanket. The average solids concentration , c .
across the total floc volume (V floc ¼ F F LA) is:
This can be translated to the average density difference (appearing in Equation (5)) using the transformation
leading to
The next stage is to gain insight into the size ratio (d L /d o ). In stirred suspensions, this generally depends on the size of the largest flocs (d max ) within the distribution, and on the distribution shape. For convenience, one may write
When a distribution has a universal shape, the scaling ratio (l max ) defined by Equation (14) l max < 7.6 for the distribution shown. The reason that one focuses on the largest flocs is that these are the weakest (and thus most vulnerable to the prevailing hydrodynamic forces). Sonntag & Russel (1987) argued that floc strength (S) was likely to be of the form
in which S 0 o is a strength scale and r ($ 1) is a coefficient reflecting the sensitivity of strength to the floc's internal solids volume concentration. From a balance of floc strength and available turbulence kinetic energy per unit volume, Bache (2004) showed that
where n is the kinematic viscosity and 1 the local rate of energy dissipation per unit mass.
Equation (16) Again to simplify analysis, it is assumed that e ¼ 1, where 1 refers to the spatial average value of e within the blanket,
With these simplifications, Equation (16) reduces to
Combination of Equations (9), (10), (14), (15) and (18) leads to
The next step is to discern how the blanket responds to changes in u as a quasi-independent variable. Increases in u cause the blanket to expand, thereby causing a reduction in F F . Making use of Equation (13), Equation (7) becomes
With this definition, Equation (19) can be cast in the form
K can be regarded as a constant when the parameters on which it depends (particularly m s ) remain at fixed values.
With knowledge of D, an estimate of K and the observed variation L(u), Equation (22) can be solved numerically to yield the F F (u,K) dependence. The principal response to velocity is described by:
in which the product LF F is weakly varying, reflecting potential changes in the floc volume as a result of changes in G.
The solution of Equation (21) In viscous flows, it may be shown (e.g. Gmachowski
2002
) that the settling velocity of an assemblage of spheres of solids fraction f is expressed by
where k is the permeability of the assemblage and m the dynamic viscosity. Probstein 1994, p. 269) cites a
Happel model for uniform spheres in which k is specified by the identity
Substitution into Equation (24), and making use of Equation (3), leads to the well-known Stokes expression
together with f(f) defined by
Equations (26) and (27) can be adapted for use with flocs by adopting the identity f ; F F when flocs are nonporous. Because Equation (24) is a macroscopic model of the assemblage, the density difference must also be a macroscopic parameter with ,r e . defined by Equation (13). With this information, Equation (26) becomes
in which d vo is a reference size tied to the permeability of the assemblage. Replacing F F L using Equation (9) 
In Equation (29), parameter l vo is defined by
this being interpreted in the same way as
Equation (14) with respect to d max . Making use of Equation (18), Equation (29) may also be stated as
This shows the explicit dependence of v o on the strength scale. it is assumed that the clay has the same characteristics as kaolin with r s < 2,600 kg m 23 and d o < 3.5 mm. From studies of flocs of this type, Tambo & Watanabe (1979) found that the size-density relationship (Equation (31)) was sensitive to the 'ALT ratio'. This describes the ratio of the Al dose (mg l 21 ) to the suspended solids of the suspension (1,600 mg l 21 in the study by Su et al. 2004 
APPLICATION OF THEORY
(arising from the combination of Equations (8) and (12)) which yielded plots of A 0 and D as a function of the ALT value (in Bache & Gregory (2007) as Figure 3 .12); the latter indicates A 0 < 5 and D < 1.9 when ALT < 0.01. With this information one can progress with the analysis of the data shown in Figure 2 .
Optimisation procedure
By adopting trial values of K, F F (K) may be calculated using Equation (21) for each pair of L, u values; this allows f(F F (K)) to be deduced using Equation (27). From this one
). In principle, this yields an estimate of d vo (K) using Equation (28). Thereafter optimisation depends on the following logic:
and
Linearity between d vo and d max requires that Figure 2 based on solution of Equation (21) u Figure 3 in Su et al. (2004) together with photographic evidence in Sung et al. (2005) .
It is likely that some of the highest values of turbidity shown in Figure 2 may be associated with the approach to the critical state (u . v sett ) at which hindered settlement breaks down and a blanket cannot exist. If one neglects these higher values, there is a weak correlation between the average turbidity and the average G value for each set as shown in Figure 3 .
A second means of judging the outcome of the analysis is to examine the average floc water content associated with each dose. This aspect is summarised in Overall, the analysis appears to lead to deductions which are physically reasonable.
Towards practice
When it comes to practice, there are a host of questions and issues. For example, is there an optimum u value?
How does one integrate the concepts described in this paper with the workings of an FBC? Here, some foundation issues are addressed in the context of the data from Su et al. (2004) .
Mass flux
On the basis of pilot plant testing, Gregory (1979) suggested that the optimum load might be guided by the maximum solids flux condition within the blanket-this being represented by the product Mv sett . Combination of Equations
(3), (10) and (28) shows
Following a series of substitutions and manipulation, this takes the form
When f(F F ) is defined by Equation (27), the product F F f(F F ) has a maximum at F F ¼ 0.172. Figure 4 shows the mass flux trends associated with the data shown in In order to gain insight into the factor(s) responsible for this mode of behaviour, a sensitivity analysis was carried out on the basis of both Equations (35) The upshot of the analysis is that the maximum flux condition is not necessarily favoured by the strongest or largest flocs. In the case of the data shown in Figure 4 , the maximum flux condition is favoured by the dose at which the floc volume is lowest.
Blanket floc strength
Gregory ( Focusing on the first of these issues, if u is constant and one assumes that the blanket level was maintained at a fixed value, it implies that v o f(F F ) ¼ u remains constant for the conditions described. Because one would expect floc sizes to increase with the polymer dose (as a result of increased strength), this will manifest as an increase in v o , implying that f(F F ) must decrease in order to maintain v sett at the same value; hence F F must increase with increasing dose. This can be demonstrated more formally using Equation (30), whereby the condition can be stated as
To illustrate the implications of altering the strength scale, it will be assumed that D remains constant and (for simplicity) potential changes in the distribution shape as a result of strength are ignored. In these circumstances,
Equation (37) is steered by the grouping When the depth of the blanket and u are fixed, Equations (10) and (20) combine to show
Hence Equation (38) can be restated as
A schematic calculation to illustrate the implications of Equation (40) is based on the data shown in Table 3 . Floc data (S o , A 0 , D) are taken from Bache & Rasool (2006) and refers to aluminium-kaolin flocs. The solids concentration data (M) is taken from Figure 10 of Gregory (1979) , the source water being a lowland river. The value F F ¼ 0.18 is an assumed value when strengthening agents were present.
With this information, and using Equation (27) to estimate f(F F ), the constant on the right hand side of Equation (40) can be evaluated when a polymer is present. Making use of this value, the magnitude of F F ( ¼ 0.05) was deduced using the associated data.
The example indicates that F F changes in the same sense as M (as one would anticipate from Equation (9)).
Thus, for the particular example, the theoretical explanation appears to be plausible.
One can also examine the association between strength and upflow using Equations (18) in combination with Equation (7), these showing
In essence, the terms on the right hand side of Equation o is increased by polymer addition (such as described above), one sees that increases in strength must be offset by increases in the product Md 52D max . At this point in time, it is not feasible to distinguish between the dependences on M and size. One way or the other, it appears that F F will increase as a result of polymer addition-this improving the potential renovation capacity. However, in later analysis it will be shown that the blanket floc size (as well as F F ) plays a critical role in the trapping capacity-a facet which may be linked to the tailing off of the renovation capacity noted above when the polymer dose is increased as reported above. Experience also shows that, with increasing polymer dose, the floc becomes too sticky-manifesting as an inability to flow out of the sludge hoppers.
Time-varying conditions
When one considers the analytical framework in the context of an operating plant, account must be taken of the solids content in the feed flow. As material gets trapped in the blanket, its solids content (m s ) will increase; this manifesting as an increase in the blanket height. This will continue until solids are bled off. Here, it is necessary to examine the likely impact of the added mass on the dynamics as described previously. This can be addressed at two levels, the superficial explanation being more straightforward. The theoretical framework described above is tied to the behaviour of an assemblage of particles whose flow characteristics are described by Equations (24) Probstein (1994, pp. 267-269) in which the dynamics within a 'Happel cell' are related to the dynamics of the assemblage. When u and F F remain at fixed values, Equation (21) shows that L / m s ; that is, M (defined by Equation (10)) maintains a fixed value. Thus:
Equation (20) shows that G remains constant when L / m s , whereas t L (defined by Equation (6)) increases as a result of the increase in L. Hence the only parameter within 
where c i and c e refer to the incoming solids concentration and the outgoing solids concentration, respectively. Note that c i and c e are proportional to n i and n e appearing in Equation (1).
Thereafter Equation (43) with the aid of Equations (1), (6) and (10) leads to the expression
Making use of the boundary conditions, L ¼ L 0 at t ¼ 0 and L ¼ L t at time t, integration of Equation (44) yields
This can be solved numerically to show the change in blanket level with time. In the particular case of no losses
With knowledge of L t , the quality of the outgoing stream is expressed by
Aside from the impact of other parameters, a worst case condition exists when the blanket is at its minimum height and E adh the adhesion efficiency. In more refined models (e.g. Spielman 1977) , the definition of the limiting trajectory includes the effect of the force fields and is more rigorous. However, flocs morphology is such that they differ from the ideal spherical particles considered in theory, so existing theory has only limited value in the task of defining a. The best way of determining its value is via the observed attenuation behaviour, coupled with knowledge of the remaining parameters featured in Equation (47). Figure 5 illustrates the relative impact of the terms a and GF F (1 2 F F )L 0 on attenuation. Calculations were based on G, F F , u data shown in Table 2 at a fixed depth (L 0 ¼ 0.6 m). 
Equation (48) when d vo has its smallest values); this occurs at the lowest dose and at the highest values of upflow. However, the response to upflow depicted in Figure 5(b) is unrealistic, because experience shows that the clarified water quality tends to diminish with increasing upflow (see Gregory et al. 1999 ). The reason is that Equation (48) overstates the collection efficiency. Tambo & Hozumi (1979) attempted to examine the effect of feed floc size on the attenuation capacity. When the feed floc sizes were larger, there was some improvement in the overflow water quality, but the effects were relatively small (possibly because the blanket floc sizes also changed). Although the trends in Figure 5(b) overstate the impact of floc size, they emphasise that losses in the value of GF F (1 2 F F ) as u increases (as shown in Figure   5 (a)) can be offset by improvements in the trapping efficiency by virtue of reductions in the blanket floc size scale. Here it should be emphasised that parameter d vo merely reflects a size scale. In practice, collection will be greatly influenced by the spread of floc sizes, particularly the smaller sizes; these occur in greater number concentration (see Figure 1 ) and also offer a more favourable size ratio for enabling collection.
Regarding the effects of strength on the attenuation performance, the trends in Figure 5 suggest that the flocs with the greatest strength scale (20 ppm set) have the lowest collection capacity. When one considers the effect of polymers to boost strength, these will affect both the feed flocs and the flocs within the blanket, there being ample justification for believing that both would increase in size.
If both were to increase in the same proportion, it would make no difference to the trapping efficiency as defined by Equation (48). What matters is the relative size;
the collection efficiency improves when the sizes of the feed flocs and collector flocs become more comparable.
In addition, one must consider the impact of changing strength on F F .
CONCLUDING REMARKS
Insofar as one can judge, the framework described appears to accommodate the various strands of experimental evidence that have been presented. This task is made difficult by the lack of supporting information (e.g. A 0 , S o and D) for inclusion in the theory. Where 'guesstimates' Figure 5 | (a) capture ratio at a ¼ 0.004 revealing sensitivity to GFF (1 2 FF) L/u and (b) illustrating potential impact of floc sizes when a is defined by Equation (48) with dp ¼ 40 mm.
have been included, they appear to be satisfactory. The assumption of treating flocs as non-porous appears to have been satisfactory in the context of the analysis associated with Figure 2 . One outcome of the theory is that it identifies critical parameters that affect the dynamics, which has benefits for experimental design.
The impacts of strength are complex. An immediate impact of increasing strength is to enable the development of larger and/or more compact feed flocs. However in the context of the blanket, the effects of strength are subtle, the outcome depending on the character of the particular floc.
Increased strength does not necessarily enhance the mass flux, much depending on the magnitude of D. The observations of Gregory (1979) show that greater strength offers the prospect of attaining a greater value of F F , a necessary feature for assuring attenuation. Theory suggests that the magnitude of the upflow goes hand in hand with the strength scale as suggested in Bache & Gregory (2007 , Table 3 .14).
There appears to be a case for aiming to achieve a blanket with as small a floc size as practicable in order to:
promote the capture of feed flocs by interception; reduce the water content of the solids waste stream when using hydrolysing coagulants; and also enhance the mass flux.
There are aspects of the theory that warrant further scrutiny, but generally it provides a framework that can be developed further. Hopefully, the paper will stimulate thinking about the many issues involved.
